Introduction
The fiber loop mirror based on a ring configuration is one of the devices in optical fibers most used in communications and sensors (Mortimore, 1988) . The device is formed when the two output ports of a directional coupler are spliced. In this configuration, the two waves at the coupler outputs travel in opposite directions but following the same optical paths in an optical fiber ring, which assures constructive interference as the waves re-enter the coupler. Thus, all light is reflected to the input port containing losses essentially in the fiber, the splice region and the coupler. Due to this "mirror" characteristic, the device is frequently used in the formation of resonant cavities in optical fiber lasers (Urquhart, 1989) . A structure of this kind, with interesting properties, occurs when the ring contains a section of fiber with high-birefringence. When this happens, an interference pattern is generated. It depends only on the fiber birefringence and length, being independent of the remaining ring extension (Fang & Claus, 1995) .
This chapter provides an overview of the state-of-the-art, birefringence concepts, and new developments of high-birefringence fiber loop mirror configurations that can be used as sensing elements.
Year
Breakthrough of Hi-Bi FLM configurations 1997 Temperature sensor ; temperature sensing in NIR ; strain sensor (Campbell et al., 1997 (Campbell et al., ) 1999 Strain sensor (Campbell et al., 1999) 2004 Temperature PCF sensor (Kim, D. H. & Kang, 2004) ; temperature insensitivity using PCF (Zhao et al., 2004 (Zhao et al., ) 2005 Interrogation system using PCF (Yang et al., 2005) ; displacement sensor (Liu et al., 2005) 2006 Liquid level sensor (Dong, B. et al., 2006) ; FBG interrogation system ; LPG/Hi-Bi FLM (Frazao et al., 2006b ) 2007 Review of Hi-Bi FLM sensors (Frazao et al., 2007a) ; strain PCF sensor (Dong, X. Y. et al., 2007; Frazao et al., 2007b) ; chemical etching (Frazao et al., 2007c) ; concatenated FLM (Frazao et al., 2007d) 2008 Temperature Erbium Hi-Bi fiber (Frazao et al., 2008a) ; refractive index sensor (Frazao et al., 2008b) ; multiparameter sensor using side-hole fiber (Frazao et al., 2008c) ; pressure PCF sensor (Fu et al., 2008) ; FBG/Hi-Bi FLM (Zhou et al., 2008) ; current sensor (Marques et al., 2008) 2009 Multiplexing Hi-Bi FLM (Fu et al., 2009 ); strain and temperature discrimination using two Hi-Bi fibers ); hollow-core PCF sensor (Kim, G. et al., 2009) ; holey fiber filled with metal indium (Kim, B. H. et al., 2009 ) 2010 Torsion PCF sensor ; curvature PCF sensor (Gong et al., 2010) ; pressure-induced SMF ; long distance remote interrogation system (Lee et al., 2010) ; small core PCF (Andre et al., 2010) ; intensity strain sensor (Qian et al., 2010) ; suspended twin-core ; displacement PCF sensor 2011 Hi-Bi FLM with an output port probe ; LPG/Sagnac Loop (Kang et al., 2011) ; curvature PCF sensor (Hwang et al., 2011) ; Hi-Bi photonic bandgap Bragg fiber (Ferreira et al., 2011) ; transverse mechanical load (Zu et al., 2011a) ; PCF FLM filled with alcohol ; PCF FLM with core offset (Dong, B. et al., 2011) ; magneto-optic modulator (Zu et al., 2011b) ; tapered FLM based on a Hi-Bi fiber Sagnac ring configuration was investigated (see Figure 1 b ) (Campbell et al., 1997) . In 1999, the same authors reported similar work using a frequency-modulated continuous wave (Campbell et al., 1999) .
In 2004, temperature dependence of a polarization maintaining (PM) photonic crystal fiber (PCF) in a Sagnac loop interferometer was analyzed. Comparing with a standard PM fiber, they obtained reduced temperature sensitivity (Kim, D. H. & Kang, 2004) . A temperature insensitive Hi-Bi FLM using a photonic crystal fiber was demonstrated. For low-temperatures (25ºC to 85ºC), a wavelength spacing variation of 0.05 pm/ºC was achieved (Zhao et al., 2004) .
In 2005, the characteristics of a Hi-Bi FLM composed of a standard 3 dB fiber coupler with one or more sections of Hi-Bi fibers were discussed, as can be seen in Figure 1 c). Displacement and temperature sensors were theoretically and experimentally analyzed. www.intechopen.com
Using the characteristics of the Hi-Bi FLM, a strain-temperature sensor was proposed and demonstrated as an interrogation system for new applications (Liu et al., 2005) . A temperature insensitive fiber Bragg grating (FBG) sensor interrogation system, which used a PCF in a Hi-Bi FLM was proposed and experimentally demonstrated (Yang et al., 2005) .
In 2006, a liquid-level Hi-Bi FLM sensor based on a uniform-strength cantilever beam was presented (Dong, B. et al., 2006) . The advantages of this sensor included its simple structure, high sensitivity, low-cost and repeatability. A FBG interrogation scheme based on a Hi-Bi FLM for strain-temperature discrimination was reported (Frazao et al., 2006a) . The configuration improvement was the use of a Hi-Bi FLM to interrogate an array of FBGs. The same author proposed an alternative solution for simultaneous measurement of strain and temperature, using a long-period fiber grating (LPG) combined with a Hi-Bi FLM (Frazao et al., 2006b ).
In 2007, a fiber-optic strain sensor was demonstrated by using a short length of PCF inserted in a Hi-Bi FLM (Dong, X. Y. et. al., 2007) . This strain sensor presented temperature insensitivity. The investigation was done using an acrylate coated PCF and other uncoated. Strain and temperature measurements were made to verify their sensibilities (Frazao et al., 2007b) . The uncoated PCF revealed insensitivity to temperature. Another work made by the same author (Frazao et al., 2007c) was the birefringence control of a Hi-Bi fiber (bow-tie) under chemical etching. This fiber was inserted in a FLM and the optical response was measured while chemical etching of the bow-tie fiber was taking place. A different study made, was a configuration for simultaneous strain and temperature discrimination using two concatenated Hi-Bi FLMs (Frazao et al., 2007d) . By monitoring the wavelength and optical power, it was possible to obtain both measurements simultaneously.
In 2008, an optical current sensor based on Hi-Bi FLM was reported (Marques et al., 2008 ). An elliptical cladding fiber was coated with a metal and inserted as a sensing element in the FLM. A novel intrinsic fiber optic pressure sensor, based on a PM-PCF section inserted between the output ports of the Hi-Bi FLM was presented (Fu et al., 2008) . This sensing head did not require polarimetric detection as the ones reported so far, and through wavelength shifts they obtained a sensitivity of 3.42 nm/MPa for a 58.4 cm long PM-PCF. A setup where the Hi-Bi section was combined with a FBG, enabling the simultaneous measurement of strain and temperature was presented (Zhou et al., 2008) . The obtained sensing resolution was of ±1 ºC for temperature and ±21 µε for strain. A Hi-Bi PANDA Erbium-doped FLM was presented for the first time. In this case, a temperature coefficient sensitivity of -2.22 nm/ºC was achieved (Frazao et al., 2008a) . Another report by the same author was a Hi-Bi D-type FLM used as refractometer (Frazao et al., 2008b) . A chemical etching was applied to the D-type fiber and presented high sensitivity to refractive index. In the same year, a configuration for simultaneous measurement of multiparameters by using a PM side-hole fiber section in the FLM was proposed (Frazao et al., 2008c) . Different parameters were analyzed, like torsion, temperature and longitudinal strain.
In the year of 2009, high temperature sensitivity was achieved when a section of birefringent holey fiber filled with metal indium was introduced in a FLM (Kim, B. H. et al., 2009 ). The analysis was done for wavelength and birefringence responses to temperature, and sensitivities of -6.3 nm/K and -3.3×10 -6 K -1 were respectively obtained. On the other hand, an elliptical hollow-core photonic bandgap fiber was fabricated and tested in a FLM configuration (Kim, G. et al., 2009) , measuring strain and temperature responses. Later on, simultaneous measurement of temperature and strain was performed by using a PM-PCF with Erbium-doped fiber incorporated . Finally, three different multiplexing schemes for PCF FLMs were presented (Fu et al., 2009 ).
In 2010, a temperature-insensitive displacement sensor, based on Hi-Bi PCFLM was proposed . This sensor presented a displacement sensitivity of 0.28286 nm/mm and good stability through a temperature range from 40 ºC to 109.5 ºC. A low-birefringence PCF FLM as a curvature sensor was reported for the first time (Gong et al., 2010) . A sensitivity of -0.337 nm for a range between 0-9.92 m -1 was achieved. This sensor was also sensitive to temperature, transverse load and twist, thus being a potential multifunction sensor. A temperature sensor using a section of pressure-induced birefringent SMF FLM was firstly presented . A sensitivity of 0.65 nm/ºC was reported. A temperature-independent strain sensor based on intensity measurements was developed (Qian et al., 2010) . A small core microstructured fiber segment in the FLM for the simultaneous measurement of strain and temperature was used (Andre et al., 2010) . Besides Hi-Bi, this configuration also showed intermodal interference, resulting in a complex channeled spectrum. With a sensing head composed only by a fiber section, resolutions of ±1.5 ºC and ±4.7 µε for temperature and strain were respectively obtained. A torsion sensor with temperature and strain independence, using a suspended twin-core fiber to form the Hi-Bi FLM was investigated . The variations in amplitude caused by applying torsion on the sensing head were analyzed by the Fast Fourier Transform technique. Another torsion sensor was done by placing a PCF in a FLM and demonstrated its temperature insensitivity . The variation of reflectivity for long-distance remote FGB cavity sensors using a Hi-Bi FLM was analyzed and demonstrated (Lee et al., 2010) .
In 2011, a curvature sensor with a new Hi-Bi PCF design spliced inside the loop mirror was demonstrated (Hwang et al., 2011) . The proposed PCF had two large air holes in the outer c l a d d i n g r e g i o n t h a t g a v e r i s e t o c o r e e l lipticity during the fabrication process. The curvature sensor is based on the PCF Sagnac interferometer and its sensitivity depended on the bending directions with respect to the large-air-hole alignment. A simultaneous measurement of strain and temperature based on cladding-mode-resonance in PM PCF loop mirror was reported (Dong, B. et al., 2011) . By introducing a mode field diameter mismatch at a splicing joint of an inbuilt SMF-PMPCF-SMF structure connected in a Sagnac configuration, an intermodal interference was constructed by the excited cladding modes and the polarization modes of the PMPCF. An optical fiber transverse mechanical load sensor using a short section of solid core PCF which was inserted inside a FLM was reported (Zu et al., 2011a) . Two new configurations of Hi-Bi FLMs with an output port probe were proposed . Both configurations used two couplers spliced in between, with unbalanced arms and one output port was used as the probe sensor. The difference between them was the location of the Hi-Bi fiber section length: either between the two couplers (first new configuration) or spliced at the output port probe (second new configuration). These configurations were compared with the conventional Hi-Bi FLM when strain was applied and showed similar sensitivities. The theoretical model of these two configurations was studied by . A compact temperature sensor based on a FLM combined with an alcohol-filled Hi-Bi PCF was investigated . A magneto-optic modulator with a magnetic fluid film inserted into an optical fiber Sagnac interferometer was proposed (Zu et al., 2011b) The magnetic fluid exhibited variable birefringence and Faraday effect under external magnetic field that led to a phase difference and polarization state rotation in the Sagnac interferometer. A Hi-Bi FLM with a LPG inscribed in PMF was proposed and experimentally demonstrated for simultaneous measurement of strain and temperature (Kang et al., 2011) . This was due to the different responses of the LPG and the Sagnac interferometer observed. A Hi-Bi photonic bandgap Bragg FLM configuration for simultaneous measurement of strain and temperature was reported (Ferreira et al., 2011) . The group birefringence and the sharp loss peaks were observable in the spectral response. Since the sensing head presented different sensitivities for strain and temperature measurands, these physical parameters were discriminated by using the matrix method. A single-mode non-adiabatic tapered optical fiber sensor inserted in a FLM enabling to tune its sensitivity towards refractive index was reported .
Birefringence concept
The Hi-Bi FLM consists in a coupler and a Hi-Bi fiber section as a sensing head. The pattern fringe is obtained through the fiber characteristics. The birefringence is guaranteed in the fabrication process through the geometrical or stress effects. The geometrical effect is easily obtained when the core is non-circular, for example, the elliptical core fiber. The stress effect can be obtained by applying mechanical tension around the core, as occurs in the case of PANDA or bow-tie fibers.
The birefringence effect in optical fibers was studied considering the phase and group modal birefringence. The phase modal birefringence is defined as: 
The group modal birefringence, G(λ), is given by:
where 2/ k πλ = . The differential phase between two polarization modes after propagating through an extension L of fiber is given by:
www.intechopen.com resulting in a channeled type interferometric spectral response, as illustrated in Figure 2 . Fig. 2 . Typical spectral response of an interferometric structure.
Deriving the phase φ with respect to λ, the following equation is obtained:
If Δλ is the channeled spectrum period, corresponding to a phase variation 2 dφ π = , the expression obtained for the group modal birefringence is:
New developments
New developments have been proposed using the FLM in novel designs. Recently, three new Hi-Bi fiber loop mirror with output port probe configurations were demonstrated. These configurations present new solutions as sensing elements. One of them is to use the output port as optical refractometer without the Hi-Bi fiber section or conventional strain/temperature sensors when the probe is a Hi-Bi fiber section.
A torsion sensor with insensitivity to temperature and strain measurement is also demonstrated. In this case the conventional optical coupler is changed by a Hi-Bi coupler where the optical path difference is obtained when the two output arms are unbanlanced. These two new configurations are presented in the following sections.
Hi-Bi FLM with output probe
Three novel configurations of Hi-Bi FLMs are schematically shown in Figure 3 . They consist of a loop of optical fiber formed between the output ports of two directional couplers along with an output port probe.
The first configuration proposed has a polarization controller and a Hi-Bi fiber section located between the optical couplers, (Figure 3 a) ). The mode of operation is similar to the conventional FLM. In the first coupler, the light is divided in two waves that travel between the two couplers with asymmetric arms and re-couple in the output port of the second directional coupler. No interference is obtained in the output port of the second coupler because the arms between the two couplers are unbalanced. A silver mirror was fabricated in the end of the fiber tip to re-inject the light into the second coupler. Here the two waves are divided in four waves and re-injected into the first coupler.
Only the two waves that travel in different paths in the two couplers section in the downlead and uplead propagation have a path imbalance associated with the Hi-Bi fiber and, therefore, it is obtained a channeled spectrum with a periodicity similar to what is expectable when considering the standard configuration. The other two waves accumulate a substantial path imbalance and therefore the corresponding channeled spectrum has a very small periodicity, not resolvable by the OSA used. Therefore, the fringe pattern observed in the OSA comes out from the phase difference between the polarization states of the Hi-Bi fiber length. In this case, this configuration was characterized as optical refractometer .
The main advantage of this configuration is that other types of interferometers (such as Fabry-Perot) can be inserted in the probe end with a reference provided by the Hi-Bi fiber section.
The second configuration proposed (Figure 3 b) ) is more attractive in general. Here, the Hi-Bi fiber section is spliced to one output port of the second directional coupler. This means that the configuration can be used for remote sensing using only one fiber in the sensing zone. There is a section of an end mirrored Hi-Bi fiber at the second coupler output port, that will increase the returned optical power. It is clear that with this structure it is possible to have the sensing advantages of a FLM without the need of locating geometrically the sensing head inside the loop. A feature that increases the flexibility of the configuration shown in Figure 3 b) is the fact that the polarization controller is only needed to adjust the interferometric visibility. This configuration was compared with the conventional Hi-Bi FLM and presents similar sensitivity when the strain is applied .
The last configuration (Figure 3 c) ) was characterized as an interrogation setup for strain measurement. In this case, two Hi-Bi fiber sections are used as sensor and reference. The setup is formed by two simple couplers with low insertion loss, where the two output ports of the first coupler are spliced to the two input ports of the second one. In one of the splices, a Hi-Bi fiber section (reference) is inserted, while in the other arm a polarization controller is placed, in order to optimize the spectral response of the fringe pattern. The sensor is located at the output port of the second coupler and consists of the same type of Hi-Bi fiber. With the insertion of two Hi-Bi fiber sections, the configuration will have two combined unbalanced Sagnac interferometers. The Hi-Bi fiber used has a length of 1.34 m and 0.34 m for the reference and sensor signal, respectively. A signal processing based on the phase-shift quadrature of the two peaks power response of the reference signal was done in real time. www.intechopen.com
The sensitivity achieved in strain measurements is 16 mrad/µε (Figure 4 ). The resolution of the system is 1.9 µε, for a strain step variation of 29 µε. 
Torsion sensor using a Sagnac interferometer
A temperature and strain independent torsion sensor is presented. In this case, the conventional optical coupler is replaced by Hi-Bi fiber coupler and the sensing head consists in a section of standard single mode fiber. www.intechopen.com Figure 5 presents the experimental setup of a Hi-Bi Sagnac interferometer sensor. Instead of using a regular fiber coupler, a 3 dB commercial Hi-Bi PANDA fiber coupler is used. This coupler will guarantee that the light will travel through the output arms with a constant polarization. A section of SMF is inserted in order to close the loop.
The interferometer is illuminated with a broadband optical source, and the transmission spectral response of the sensing head is measured with an optical spectrum analyzer (OSA).
The ports length difference of the Hi-Bi coupler will set the fringes pattern, since it introduces a phase accumulation to the travelling wave. The sensing head is located in the SMF region, and torsion measurements can be done by fixing one side of SMF section and twisting the other side, according to Figure 5 . As the torsion is applied, an amplitude variation of the spectrum between maximum and minimum values is verified, which induces a change on the visibility of the fringes. Even though the amplitude changes with the torsion angle, total destructive interference is never observed, due to the existence of a beat between the two interferometers. The sensor response is periodically modulated, as the twist is applied. The sensitivity depends on the sensing head length, bigger sensing heads are more sensitive. For a 0.26 m long sensing head, sensitivities of 0.045 degree -1 and -0.051 degree -1 were obtained, when left and right twisting angles were respectively applied ( Figure 6 ). The slight difference between the negative sensitivities can be due to the coating effect. For temperature measurements, a sensing head with a length of 0.26 m is placed in a tubular oven, which enables the temperature to be set with an error smaller than 0.1 ºC. Regarding strain characterization, the sensing head is attached to a translation stage with a resolution of 1 µm. The sensitivities obtained are 2×10 -3 dB/ºC and 7.9×10 -9 dB/µε, respectively. Due to the low sensitivities obtained, it can be stated that this sensing head is insensitive to these measurands. These results are expected because temperature and strain do not change the polarization states of the two counter propagating waves in the SMF region.
The main distinctive feature of this setup, when compared with a conventional Hi-Bi fiber loop mirror, is the polarization controller suppression.
Conclusion
The first optical fiber highly-birefringent Sagnac interferometer was presented in 1997 . This structure has been consistently used in the ambit of conception of new devices and systems in several areas related to the optical fiber technologies, namely in the optical fiber sensors context. By combining optical devices, it was possible to discriminate physical parameters, such as deformation and temperature. With the emerging of new fibers, like the Photonic Crystal Fibers, it is possible to measure one physical parameter with insensitivity to temperature. At last, with the development of new fiber loop mirror designs, it is possible to interrogate and measure the physical parameters with low cost and easily multiplexing with several sensing heads in series. All works recently published demonstrated the interferometric topology versatility of the Sagnac interferometer in the sensing domain. It must be pointed out that it shall be possible to obtain much better resolutions than the ones indicated if adequate signal processing techniques are applied, that allow reading the interferometer phase.
